CK2, a serine/threonine (S/T) kinase present in eukaryotic cells is known to have a vast number of 20 substrates. We have recently shown that it localizes to nuclei and at pores between hyphal 21 compartments in M. oryzae. We performed a pulldown-proteomics of M. oryzae CK2 catalytic subunit 22 MoCKa to detect interacting proteins. The MoCKa pulldown was enriched for septa and nucleoli 23 proteins and intrinsically disordered proteins (IDPs) containing a CK2 phosphorylation motif proposed 24 to destabilize and unfold alpha helixes. This points to a function for CK2 phosphorylation and 25 corresponding phosphatase dephosphorylation in the formation of functional protein-protein aggregates 26 and protein-RNA/DNA binding. To test this as widely as possible we used secondary data downloaded 27 2 from databases from a large range of M. oryzae experiments and also for a relatively closely related 28 plant pathogenic fungus, Fusarium graminearum. We found that CKa expression was strongly 29 positively correlated with S/T phosphatases as well as with disaggregase (HSP104, YDJ1, SSA1) and 30 an autophagy indicating protein (ATG8). The latter points to increased protein aggregate formation at 31 high levels of CKa expression. Our results suggest a general role for CK2 in aggregation and 32 disaggregation of IDPs and their binding to proteins, DNA and RNA interactions. 33 34 35 36
INTRODUCTION
phosphorylation destabilizes/unfolds alpha helixes in IDPs (Zetina, 2001) and CK2 activity in 48 combination with phosphatases facilitates conformation changes and binding of IDPs. 49 We have previously argued that filamentous fungi are better models than yeast for investigating 50 eukaryotic cellular functions involved in cell-cell communication when we studied CK2 localization 51 and involvement in pathogenesis (Zhang et al., 2019) . We showed that the M. oryzae CK2 holoenzyme 52 (MoCK2) accumulates in the nucleolus, that it localizes in structures near septal pores, and assembles 53 to form a large ring structure perpendicular to the appressorium penetration pore (Zhang et al., 2019) . 54 To further investigate the general hypothesis that CK2 is especially involved in phosphorylating IDPs 55 and proteins known to be localized at septa and in the nucleolus we made a pulldown followed by 56 proteomics using the GFP-CKa (Zhang et al., 2019) as our bait to find which proteins CK2 interacts 57 with. Since CK2 is known to interact with a large number of proteins (Meggio and Pinna, 2003) we 58 expected to find many proteins, and we did. To aid in interpreting the results we made a functional 59 classification of the interacting proteins. The pulldown was overrepresented for proteins known to be 60 present in nucleoli and at septa as expected and we found that CK2 interacts preferentially with 61 intrinsically disordered proteins (IDPs) carrying a phosphorylation motif that can destabilize alpha 62 helix folding (Zetina, 2001) . 63 overrepresentation of the motif among the pulldown proteins (P-value for the null hypothesis of same 123 frequency as in the whole proteome = 4 E-19, Fisher's Exact test) lending support for the proposed role 124 for this motif in these proteins as a target for CK2 phosphorylation and protein unfolding. The finding 125 of overrepresentation of this signal in the set of CK2 interacting proteins corroborates the previous 126 suggestion that CK2 is involved in the destabilization/binding of intrinsically disordered proteins 127 (Zetina, 2001 ; Tantos et al., 2013; Na et al., 2018) and is consistent with the strong accumulation of 128 both CK2 and intrinsically disordered proteins in the nucleolus (Frege and Uversky, 2015) and also at 129 pores between cell compartments (Lai et al., 2012; Zhang et al., 2019) . 130 To further explore the general hypothesis that CK2 could interact with and possibly phosphorylate 131 intrinsically unfolded proteins we used FungiFun (https://elbe.hki-jena.de/fungifun/) to make a 132 functional classification of the pulldown proteins with a special interest for those containing the alpha 133 helix unfolding motif (Zetina, 2001) . All the protein categorization classes for the pulldown is 134 accessible at the FungiFun entry in Table 1 . We found strong overrepresentation for proteins involved 135 in rRNA processing among the pulldown proteins containing the alpha helix unfolding motif (Funcat 136 category, 11.04.01 rRNA processing, p-value for same abundance as in whole genome = 1.53E-26) as 137 well as for proteins that, themselves, are known to interact with other proteins, DNA, and RNA (16.01 138 protein binding p 1.07E-09, 16.03.01 DNA binding p 1.45E-06, 16.03.03 RNA binding p 2.77E-11, p-139 values for same abundance as in whole genome). These classes of proteins are enriched for intrinsically 140 disordered proteins. Such intrinsically disordered proteins can interact with each other to form ordered 141 subregions that have been described as membraneless organelles, such as nucleoli (Wright and Dyson, 142 2015). Since CK2 localizes to the nucleolus (Zhang et al., 2019) we were especially interested in the 143 interaction of CK2 with nucleolar localized proteins. We identified homologues to the well described S. 144 cerevisiae nucleolar proteins and found a total of 192 proteins in M. oryzae homologous to yeast 145 nucleolar proteins. We found 120 (63%) of the nucleolar proteins in the pulldown and 60 of these (50% 146 of the ones found) had the alpha helix unfolding motif (Data S1) (also Table 1 , linked from "M. oryzae 147 homologues to S. cerevisiae nucleolar proteins"). The nucleolar proteins were thus highly 148 overrepresented in the pulldown (P-value for the null hypothesis of same frequency as in the whole 149 proteome 9E-43 Fisher's Exact test) compared to the whole proteome as was also nucleolar proteins 150 having the unfolding motif (P-value for the null hypothesis of same frequency as in the whole proteome 151 p 2E-13, Fisher's Exact test).
152
Ck2 is known to interact with the disordered nucleolar protein SRP40 that has a multitude of CK2 153 phosphorylation sites and in addition CK2 is known to change the protein binding activity towards 154 other proteins depending on the SRP40 phosphorylation status. When SRP40 becomes highly 155 phosphorylated it binds to and inhibits CK2 activity in a negative feedback loop ensuring that CK2 156 phosphorylation level will balance (Tantos et al., 2013; Na et al., 2018) . We identified a putative 157 MoSRP40 (MGG_00613) and it is disordered in a similar way as other SRP40 proteins and it is well 158 conserved in filamentous fungi (Method S1). The MoSRP40 protein was highly represented in the 159 CKa pulldown indicating that it interacts with CKa (Data S1). 160 Interestingly, proteins that are imported into mitochondria and involved in oxidative phosphorylation 161 (Funcat category, 2.11 "electron transport and membrane-associated energy conservation") were 162 enriched in the pulldown (62 in the pulldown of 130 in the whole proteome, p-value for the null 163 hypothesis of same frequency as in the whole proteome 2.26E-14). In contrast to septal and nucleolar 164 interacting proteins, the mitochondrial proteins were not enriched for the known unfolding motif. 165 Although CK2 has been implicated to be located in mitochondria in earlier studies in other organisms, 166 no proteomic study of yeast mitochondria has detected the presence of CK2 (Rao et al., 2011) . Hence, 167 we do not expect MoCK2 to be present in mitochondria, and we saw no evidence for mitochondrial There was no enrichment for specific pathogenicity related proteins in the whole pulldown proteome 175 (Funcat category: 32.05 "disease, virulence and defence") but a significant depletion (p-value for the 176 null hypothesis of same frequency as in the whole proteome 3.31E-17) was found. This is generally 177 true within the main Funcat category related to stress and defence (32 "CELL RESCUE, DEFENSE 178 AND VIRULENCE") (p-value for the null hypothesis of same frequency as in the whole proteome 179 8.32E-05) with the exception of proteins involved in the unfolded protein response that was 180 overrepresented (32.01.07 "unfolded protein response",e.g. ER quality control) among the pulldown 181 proteins without motif (p-value for the null hypothesis of same frequency as in the whole proteome 182 4.69E-04). This is notable since an involvement of CK2 in protein import into the ER has be 183 established (Wang and Johnsson, 2005) .
184
A strong association of pathogenicity related proteins with CK2 was not expected although deletion of 185 any of CKb components severely affected pathogenicity (Zhang et al., 2019) . This either because of the 186 in vitro growth conditions to produce the biomass used for the pulldown or that CK2 is mainly 187 involved in the initial stages of infection to establish the biotrophic stage (Fernandez and Orth, 2018) . Since CK2 activity has the potential to favour protein-protein binding between intrinsically disordered 207 proteins it consequently also has the potential to enhance protein aggregation and aggregation of 208 misfolded proteins. Misfolded proteins or protein aggregates may trigger the unfolded protein response 209 involved in disaggregation. Hsp104 is a disaggregase that cooperates with Yjdg1 and SSa1 to refold 210 and reactivate previously denatured and aggregated proteins (Glover and Lindquist, 1998) . 211 Alternatively, protein aggregates that cannot be dispersed by disaggregase may be degraded through 212 autophagy since these kinds of aggregates are too big for proteasome degradation (Wong and Cuervo, 213 2010). If this is the case, CK2 upregulation should be accompanied by higher autophagy flux or at least 214 there should not be low expression of key autophagy genes when CK2 expression is high (Wong and 215 Cuervo, 2010). ATG8 is a key autophagy protein for which its turnover rate can reflect autophagy flux 216 (Klionsky et al., 2016) . To test this second sub-hypothesis (Sub-hypothesis 2), we used the expression with CKa also when compensated for growth rate indicating that increased disaggregase and ATG8 232 activity is needed with higher CKa activity and that these relationships are not just growth rate 233 dependent. In the case of F. graminearum, we also found increased expression of all of the genes 234 correlated with FgCKa expression across a large range of experiments) (Fig, S1A, B) . As for M. oryzae 235 these correlations were also strong when compensated for growth rate (Fig. S3 and S4 ). Within the F. 236 graminearum experiments a time course experiment was selected to examine expression of these genes 237 during the course of infection. Once again, the relationship could be observed (Fig. S1C) . Overall, 238 these correlations support the hypothesis that protein disaggregation and autophagy are increasingly 239 needed to remove protein aggregates stimulated to form by increasing levels of CKa and its activity in the null hypothesis of same frequency as in the whole proteome 1.81E-11).
258
As a counterpart to CK2 in gelling/un-gelling, disaggregase activity involving the MoHSP104 complex, 259 may be critical for control. Our observation of transcriptional co-regulation between CKa and HSP104 260 supports this notion. As MoCK2 is present both in the cytoplasm and nucleoplasm it would generally 261 assist intrinsically disordered proteins in protein interactions (Uversky, 2015) . It also seems to be 262 essential for assembling ribosomes containing large numbers of intrinsically disordered proteins 263 (Uversky, 2015) . All these functions also explains why CK2 is needed constitutively (Meggio and 264 Pinna, 2003) and we find it relatively highly expressed under all conditions but very high under 265 stressed conditions characterized by high levels of autophagy.
266
Conclusion 267 We conclude that CK2 likely has an important general role in the correct assembly/disassembly of analysed against the background of proteins that were bound non-specifically to the anti-GFP beads in 308 GFP transformant and in Ku80 to get the final gene list of genes that was pulldown with MoCKa (Data 309 S1). 311 We developed two methods to estimate the number of non-specific binding proteins found in the CKa 312 pulldown. The first approach is a chemistry-based reasoning and assumes that the degree of unspecific 313 association to the protein per protein surface area is the same for GFP specific hits and for the CK2 314 holoenzyme pulled down. Using this technique, we estimate that 44-132 proteins are false positive in 315 the CKa pulldown (all proteins pulled down by GFP-Beads or the Beads alone already removed from 316 the list) (Data S1). The Second approach is statistical where we assume that binding of the true 317 interacting proteins to CKa are log-normally distributed related to the abundance of each protein in the 318 pulldown, since the median is low and close to zero and negative amounts are impossible. Using the 319 deviation from the theoretical distribution, with higher than expected amounts of a specific protein, for 320 the less abundant proteins we estimate that 46-81 proteins found in the CKa pulldown (with controls 321 subtracted) were false positive. The higher number was used to set a conservative threshold for which 322 proteins should be included in the analysis (See Data S1 for details of both methods).
310

Estimation of non-specific binding of proteins in the pulldown
323
Finding M. oryzae proteins containing the helix unfolding motif 324 The MEME motif LSDDDXE/SLEEEXD (Zetina, 2001 ) was used to search through the proteome of 325 M. oryzae using the FIMO tool at the MEME suite website (http://meme-suite.org/). Results were then 326 downloaded and handled in MS Excel to produce a list of proteins with at least one motif hit (For data 327 see Table 1 ). 
329
Analysis of CKa expression in relation to disaggregase related protein, Atg8 and Ser/Thr
343
For each fungus an expression matrix was prepared with the different experiments as columns and gene 344 IDs as rows, using the MGG codes for M. oryzae and FGSG for F. graminearum according to BROAD, 345 respectively. From the resulting matrixes (For these data see Key resource Table 1 ) we used the data 346 needed to plot expression of selected proteins vs CKa expression for the two fungi. SSa1 and Ymdj1 have in yeast been shown to cooperatively help aggregate proteins to be able to refold. The key 477 protein with its main function in this process appear to be Hsp104 (Glover and Lindquist, 1998) . 
